In order to examine the relationship between mitochondrial energy coupling in skeletal muscle with change in uncoupling protein 3 (UCP3) expression during the transition from the fed to fasted state, we used a novel non-invasive 31 P/ 13 C NMR spectroscopic approach to measure the degree of mitochondrial energy coupling in the hindlimb muscles of awake rats before and after a 48 hr fast. Compared to fed levels, UCP3 mRNA and protein levels in the gastrocnemius increased 1.7 (p<0.01) and 2.9 (p<0.001) fold respectively following a 48 hr fast. Tri-carboxylic acid (TCA) cycle flux measured using 13 C NMR as an index of mitochondrial substrate oxidation was 212±23
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Summary
In order to examine the relationship between mitochondrial energy coupling in skeletal muscle with change in uncoupling protein 3 (UCP3) expression during the transition from the fed to fasted state, we used a novel non-invasive 31 P/ 13 C NMR spectroscopic approach to measure the degree of mitochondrial energy coupling in the hindlimb muscles of awake rats before and after a 48 hr fast. Compared to fed levels, UCP3 mRNA and protein levels in the gastrocnemius increased 1.7 (p<0.01) and 2.9 (p<0.001) fold respectively following a 48 hr fast. Tri-carboxylic acid (TCA) cycle flux measured using 13 C NMR as an index of mitochondrial substrate oxidation was 212±23
and 173±25 nmol/g/min (p=NS) in the fed and 48 hr fasted groups respectively. Unidirectional ATP synthesis flux measured using 31 P NMR was 79±15 and 57±9 nmol/g/s (p=NS) in the fed and 48 hr fasted groups respectively. Mitochondrial energy coupling as expressed by the ratio of ATP synthesis to TCA cycle flux was not different between the fed and fasted states. To test the hypothesis that UCP3 may be involved in the translocation of long chain free fatty acids (FFA) from the mitochondrial intermembrane space to the matrix under conditions of elevated FFA availability,
Introduction
Mitochondrial uncoupling proteins (UCP) play an integral role in regulating cellular energy consumption via non-shivering thermogenesis (1) . This is accomplished by diminishing the proton motive force across the inner mitochondrial membrane which results in uncoupling of respiration from ATP synthesis. Unlike UCP1 which is expressed exclusively in brown adipose tissue (BAT), the recently discovered homolog UCP3 is expressed primarily in muscle (2, 3) and is encoded in a chromosomal region linked to hyperinsulinemia and obesity (4) . Because quiescent skeletal muscle utilizes approximately 33% of whole body oxygen consumption (5), much attention has been given to the control and function of UCP3 as a means of regulating energy expenditure and body weight.
Increased UCP3 mRNA expression results from a number of physiological perturbations including thyroid hormone (4, 6) and leptin (4, (7) (8) (9) in skeletal muscle and $-adrenoreceptor agonist (4, 10) in white adipose tissue (WAT) which have all been implicated in increased regulatory thermogenesis. However, a paradoxical situation occurs in fasting when UCP3 mRNA expression in skeletal muscle has been shown to increase ~2 to 12 fold (4, (11) (12) (13) (14) (15) (16) at a time when mitochondrial energy coupling efficiency might be expected to remain constant or increase to conserve energy.
This paradoxical relationship may be a result of UCP3 mRNA expression not correlating with protein levels or possibly as a result of alterations in the concentration of an unknown allosteric regulator to UCP3. It has also been suggested that UCP3 may play a role in the regulation of lipids as fuel substrate rather than mediators of regulatory thermogenesis (17) . Therefore, the UCP3 protein may function specifically as a free fatty acid anion translocator rather than a direct proton shuttle or as part of a proton-FFA cycle under conditions of elevated plasma FFA following a 48 hr by guest on http://www.jbc.org/ Downloaded from fast. It is now generally accepted that fatty acids are necessary in activating uncoupling proteins via direct or indirect mechanisms (15, (18) (19) (20) .
Although indirect measurements of mitochondrial uncoupling have been made in UCP3
reconstituted vesicles, transfected yeast, or myoblasts coupled with electric potential measurements using an electrode method (18, 21) or coupled with fluorescence measurements using flow cytometric techniques (4, 11) , these measurements have not been made in explicit tissues of interest in situ.
Additionally, although electric potential measurements across the inner mitochondrial membrane provide an index for potential energy uncoupling, they do not measure functional energy uncoupling.
This is because of the non-ohmic nature of proton conductance which is not linear with the inner mitochondrial membrane potential (22) .
We recently reported on the development of a novel NMR spectroscopic method used to assess mitochondrial energy coupling in skeletal muscle, non invasively, by combining 13 C NMR spectroscopy to measure rates of mitochondrial substrate oxidation along with 31 P NMR spectroscopy to assess rates of ATP synthesis in chronic T 3 (triiodothyronine) treated rats (a model of increased UCP3 expression) (23) . Therefore in this study, we used this non-invasive NMR technique to determine if increased UCP3 mRNA and protein levels correlate with measurements of mitochondrial energy coupling in skeletal muscle of 48 hr fasted rats. Additionally, we tested the hypothesis that UCP3 may function as a fatty acid translocator under fasting conditions during which levels of plasma FFA are increased.
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Experimental Procedures
Animals
Sprague-Dawley rats (Charles River, Raleigh, North Carolina) were individually housed in an environmentally controlled room with a 12 h light/dark cycle and maintained on standard rat chow (Ralston Purina Co., St. Louis, Mo). Two groups of rats were used: 1) fed (n=17); 2) 48 hr fasted (n=19). When weighing ~300 g the 48 hr fasted rats had cannulas inserted into both right jugular vein and carotid artery (24) and allowed to recuperate for 5 days prior to fasting. Following fasting, these rats weighed ~270 g. The fed group weight was pair matched to the 48 hr fasted group at the time of the experiment.
In vivo NMR experimental design
On the day of the NMR experiment, rats were placed in a customized restraining tube that allowed their left hindlimb to be secured to the outside of the tube in a manner to limit free movement of the leg for NMR measurements. The rats were transiently anaesthetized (<30 s) with a low dose (2.5-5.0 mg) of thiopental (Sigma) in order to place them in the restraining tube. This protocol was approved by the Yale University Animal Care Committee. spectrum were used as an internal reference standard for movement of the leg. If severe movement compromised these peak integrals, the experiment was terminated.
All spectra was processed off-line using Nuts NMR processing software (Acorn NMR Inc., Fremont, CA) with peak fitting capabilities. Baseline subtracted 13 C NMR and 31 P NMR spectra were processed using Gaussian filtering and a Gaussian weighted peak fitting algorithm.
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The saturation transfer study requires that two sets of spectra be acquired: one with and one without steady state saturation. To measure the kinetics of P i $ATP, a continuous wave selective saturation of the (-ATP resonance was used. In the spectrum without (-ATP saturation, the CW pulse was placed an equal frequency offset to the downfield side of P i . The ratio of the resulting magnetization (M z ) to the equilibrium magnetization (M 0 ) in the absence of (-ATP saturation is given by:
where k is the first order rate constant describing the loss of magnetization from P i , and T 1 is the intrinsic spin-lattice relaxation time for the P i nucleus. A 90° pulse was optimized for the nonselective detection of both spectra (TR=4.4 s, NS=128, SW=20 KHz, 4K data). The spin-lattice relaxation time measured using an inversion recovery pulse sequence in the presence of continuous (-ATP saturation is defined as the observed T 1 (T 1obs ) and is related to T 1 by the following equation:
An adiabatic half passage pulse was used to invert all P i spins in the inhomogeneous volume of the surface coil (TR=6.0 s, NS=64, SW=20 KHz, 4K data) for the 180° pulse of the inversion recovery sequence. The 6 variable delay lengths used in the inversion recovery experiment will be between 10 ms-6 s. Solving the above two equations simultaneously (where )M=M 0 -M z ) yields the following equation:
Therefore, the rate constant (k) may be calculated after acquiring spectra for the two experiments described above (saturation transfer and inversion recovery). The unidirectional ATP synthesis flux was calculated as k× [P i ]. The P i concentration was extrapolated from the baseline NMR spectrum (comparing peak integrals from P i and (-ATP) and [ATP] measurement using a biochemical assay.
The NMR measured unidirectional ATP synthesis flux results from flux through both the F1F0 ATP synthase enzyme and the coupled glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and phosphoglycerate kinase (PGK) reactions. Although the net glycolytic contribution to the production of ATP (via GAPDH and PGK) versus that of oxidative phosphorylation is small, these enzymes are at near equilibrium and consequently the unidirectional production of ATP (measured using the 31 P saturation transfer experiment) via these enzymes can be high. We previously described a technique where uniformly labeled glucose (1,2,3,4,5,6,6-D 7 ) was administered to rats to determine whether there are differences in the glycolytic ATP synthesis flux contribution between groups (23). In separate experiments, this technique was applied to both fed (n=3) and 48 hr fasted were similar in both groups suggesting no differences in the glycolytic ATP contribution.
C NMR glutamate turnover study
Observation of the 13 C label turnover in the NMR detectable glutamate pool in skeletal muscle was necessary for the TCA cycle flux calculation. Therefore, 1 H decoupled - 13 during the relaxation delay (TR=0.5 s, NS=1800, SW=20 KHz, 4K data). A 15 min baseline spectrum was followed by subsequent 15 min acquisitions throughout the duration of the experiment.
TCA cycle flux (V tca ) calculation
Metabolic steady state equations were derived for isotopic mass flow into the TCA cycle as previously described in brain (25, 26) , heart (27, 28) and liver (29) . Yale University CWave software (Dr. Graeme F. Mason) was used to calculate the TCA cycle fluxes. The mathematical modeling was based on non-linear least squares fitting of the calculated parameters (e.g. 4-and 2-
"-ketoglutarate, glutamate, etc.) from the set of isotopic mass balance equations describing the label flow through the TCA cycle to the acquired NMR data using a Runge-Kutta algorithm with an adaptive step size.
From the labeled mass flow schematic shown in Fig. 1 , we obtain the following isotopic mass balance equations which were used in the analysis:
where:
AcCoA=acetyl CoA; Pyr=pyruvate; Acet=acetate; Cit=citrate; "-KG="-ketoglutarate;
Glu=glutamate; Gln=glutamine; Oaa=oxaloacetate; Asp=aspartate; and the C2, C3, or C4 prefix refers to 13 C label at the respective carbon isotope positions. V pdh =pyruvate dehydrogenase flux; V acet =acetate thiokinase flux; V tca =tri-carboxylic acid cycle flux; V gln , V gln -1 = aminotransferase and glutamate dehydrogenase flux; V gln , V gln -1 =glutamine synthetase and glutaminase flux respectively; V asp =aspartate aminotransferase flux; V Oaa =efflux from oxaloacetate (necessary to maintain steady state)
The "-KG9Glu exchange via glutamate dehydrogenase and/or aminotransferase reaction
) is rapid with respect to V tca in the brain (26) , but has been shown to be significantly slower in heart (27, 28) . Therefore, it was necessary to include both 2-and 4-13 C glutamate turnover data in the mathematical analysis to discriminate between V tca and V glu . The glutamate pool concentration was determined in tissue extracts for use in the mathematical analysis while all other intermediate pool concentrations were taken from literature (27, 30 
Determination of The Capacity for UCP3 to Function as a FFA Translocator
It has been shown that acyl CoA synthetase can function to a low degree in the mitochondrial matrix (31). Therefore we measured the capacity for UCP3 to function as a FFA translocator to increase $-oxidation in a separate group of rats. We measured relative rates of U- 13 C palmitate oxidation in skeletal muscle in vivo with (+) and without (-) CPT1 inhibition by etomoxir in the fed and 48 hr fasted groups. These measurements were performed in the fed rats to determine the relative decrease in palmitate oxidation resulting from CPT1 inhibition. The control value (% decrease in palmitate oxidation in the fed group) was compared to the values obtained from the 48 hr fasted group to determine whether or not UCP3 functions in part as a FFA translocator (i.e. % decrease is less than control % decrease).
In the basal group [(-) etomoxir], a constant infusion (0.935 :mol/kg/min) of U- 13 C palmitate (Cambridge Isotope Laboratories, Andover, MA) bound to 12% bovine albumin (Sigma, St. Louis, MO) was administered for 120 min. In the etomoxir group, etomoxir (10 :mol/kg, gift from Bristol-Myers Squibb) in 100:l sterile water was administered 60 min prior to U- to maintain basal FFA concentrations (33) . After 120 min, hindlimb muscles were freeze clamped in situ and glutamate enrichments (index of relative palmitate oxidation) were measured in tissue extract using gas chromatography-mass spectrometry (34) . The measured M+2 glutamate enrichments (~0.5-2%) were significantly greater than the 0.02% background enrichment.
Analytical Procedures
Muscle tissue extracts were prepared for high field NMR analysis by homogenizing approximately 1 g of combined quadriceps and gastrocnemius muscle as previously described (35) .
Glutamate (34) and acetate (36) 13 C enrichments in plasma and/or skeletal muscle were determined using a Hewlett-Packard 5890 gas chromatography (HP-1 capillary column, 12 m x 0.2 mm x 0.33 mm film thickness) interfaced to a Hewlett-Packard 5971A mass selective detector operating in the electron impact ionization mode.
The P i concentration was extrapolated from the baseline NMR spectrum (comparing peak integrals from P i and (-ATP) and measured ATP concentration (ATP assay kit #366, Sigmamodified for tissue analysis). Plasma free fatty acids were determined using an acyl CoA oxidase based colorimetric kit (WAKO NEFA-C, WAKO Pure Chemical Industries, Osaka, Japan). Tissue extract glutamate concentration was determined using a 2300 STAT PLUS biochemical analyzer (Yellow Springs Instrument Co., Yellow Springs, OH).
UCP3 mRNA and protein measurements:
Mitochondria Isolation: Skeletal muscles were homogenized in the buffer containing and quantified by densitometry scanning.
Statistical Analysis
All data are reported as the mean±SEM. A Student's t test analysis was performed on data to determine significance at a minimum p<0.05 threshold between groups.
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Results
UCP3 mRNA expression and protein levels increased approximately 1.7 and 2.9 fold respectively following a 48 hr fast as illustrated in Fig. 2 (p< 0.01 and p<0.001 respectively). The increase in UCP3 was associated with a significant increase in basal plasma FFA in the 48 hr fasted group (1.18±0.11 versus 0.63±0.07 mM in the 48 hr fasted and fed groups respectively, p< 0.001).
A baseline subtracted 13 C NMR spectrum of the awake rat hindlimb at 120 min may be seen in Fig. 3 . The 13 C label turnover of 4-13 C glutamate followed by slower turnover of 2- (Fig. 1) . The 2-13 C glutamate peak appears as a result of additional turns of the TCA cycle which allows for scrambling the C4 label of glutamate to 2-and 4-13 C glutamate (27.9 ppm) (Fig.   1 ). The 3-13 C glutamate and 2-13 C acetate (24.2 ppm) peaks were not observable, because they reside in the frequency bandwidth which was partially suppressed by the aliphatic lipid suppression pulse sequence.
The NMR derived 2-and 4-13 C glutamate turnover data from the fed and 48 hr fasted groups is shown in Fig. 4 . The curves represent the best fits of the data to the mathematical model. The actual flux through the TCA cycle strongly depends on both the time course of the 2-
13
C acetate plasma enrichment (Fig. 4) :mol/g) in glutamate pool size in the 48 hr fasted group from basal levels. Although there were no differences in the calculated TCA cycle flux in the fed and 48 hr fasted groups respectively (212±23 and 173±25 nmol/g/min, Fig. 5a ), there were differences in metabolism between the groups as reflected by the differences in substrate enrichments (Fig. 4) . There was less endogenous acetate production (166±6 vs 218±13 :mol/kg/min, p<0.05) as reflected by a higher 2-
C acetate enrichment in the 48 hr fasted versus control group (Fig. 4) . Additionally, there appeared to be increased anaplerosis (0.33±0.03% vs 0.12±0.04% of the TCA cycle flux, p<0.01) as reflected by the lower 2-13 C glutamate enrichment with respect to 4-13 C glutamate enrichment in the 48 hr fasted versus control group (possibly due to increased amino acid catabolism).
A 31 P NMR saturation transfer experiment was performed to determine the kinetics of ATP synthesis. The set of spectra shown in Fig. 6 are the result of a saturation transfer experiment performed in the hindlimb muscles of an awake rat. In the bottom spectrum, a continuous wave (CW) radio frequency pulse was used to saturate the (-ATP resonance (-2.4 ppm). In the top spectrum (no (-ATP saturation), the CW pulse frequency was placed symmetrically to the downfield side of P i (4.9 ppm). The resulting loss in magnetization of P i ()M) is due to the exchange of saturated (-ATP nuclei with non-saturated P i nuclei. The fractional change in P i ()M/M 0 ) and the observed spin-lattice longitudinal relaxation constant (T 1obs ) of P i together were used to calculate the unidirectional ATP synthesis rate constant (k) ( Table 1 ). The unidirectional ATP synthesis flux was then calculated as k× [Pi] (Table 1) . There were no differences in unidirectional ATP synthesis flux in the 48 hr fasted (57±9 nmol/g/s) versus control group (79±15 nmol/g/s) (Fig. 5b) .
The TCA cycle generates reducing equivalents (NADH, FADH 2 ) which are necessary for mitochondrial respiration. Since the TCA cycle activity is coupled to O 2 consumption via a stoichiometric relationship, the flux through the TCA cycle may be used as an index of substrate oxidation at steady state. Therefore, the ratio of the measured unidirectional ATP synthesis flux to TCA cycle flux may be used as a qualitative index of the degree of coupling between mitochondrial substrate oxidation and ATP synthesis. Since the extent of basal mitochondrial uncoupling present as a result of combined proton transport and leaks across the inner mitochondrial membrane is unknown, this ratio was normalized to the fed group. When analyzed in this manner, there were no differences in mitochondrial energy coupling between fed and fasted groups (Fig. 5c ).
To assess the potential for UCP3 to function as a FFA translocator, U- Table 2) . The degree to which UCP3 may function as a FFA translocator would be manifested as an increase in this ratio. Although the M+2 enrichments were higher in 48 hr fasted versus fed group reflecting increased palmitate oxidation in this group, the ratios were equal (0.79±0.14 vs 0.75±0.08, p=NS) in the fed and fasted groups respectively. These results suggest that UCP3 does not have a major role as a FFA translocator following a 48 hr fast.
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Discussion
It has been shown by a number of investigators that UCP3 mRNA expression is upregulated following a fast (4, (11) (12) (13) (14) (15) (16) . This is surprising considering the basal metabolic rate should be reduced during conditions of starvation (38) . Despite an ~3 fold increase in UCP3 protein following a 48 hr fast in the present study, there was no detectable change in skeletal muscle mitochondrial energy coupling as assessed by the 13 C/ 31 P NMR technique. These results are in contrast with the ~60% and 80% reduction in skeletal muscle mitochondrial energy coupling we recently observed in T 3 and dinitrophenol treated rats respectively (23).
UCP3 mRNA expression, which to date, has been used as an index of mitochondrial uncoupling and thermogenesis in vivo possibly does not correlate with 'true' mitochondrial uncoupling. Although UCP3 protein measurements generally have not been documented in the past, we were able to measure a significant increase in UCP3 protein which correlated with an increase in mRNA following a 48 hr fast. Unfortunately, measurements of membrane bound protein content are not necessarily commensurate with function due to the allosteric nature of these proteins. In a study by Boss et al. (11) , in vitro heat production was measured in mice soleus muscle following a 24 hr fast using microcalorimetry measurements in perifused muscle preparations. They showed that under basal conditions, there were no differences in heat production between control and fasted groups. However when carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), a chemical uncoupler, was administered, the increase in heat production in the fasted group was blunted versus the control group. These results suggest that the fasted group may function at a lower degree of mitochondrial coupling. Although more recently, it was shown that mitochondrial proton conductance remained unchanged in rat hindlimb skeletal muscle following a 24 hr fast (16) .
There are several lines of evidence which suggest that UCP3 may not function in a regulatory thermogenic capacity. It has been shown by Beinengraeber et al. (39) that simultaneous mutation of histidine residues H145 and H147 results in loss of the proton transport capacity of UCP1, and both of these residues are absent in mouse and rat UCP3. In humans with a splice mutation that results in removal of the terminal coding exon of UCP3, no changes in muscle mitochondrial coupling activity or systemic oxygen consumption was present (40) . Additionally, under conditions of thermoneutrality where there is a reduced need for regulatory thermogenesis, UCP3 mRNA expression remained elevated in skeletal muscle of 24 hr (11) or 48 hr (17) fasted versus control rodents. UCP3 mRNA expression in skeletal muscle tends to oppose that of UCP1, a known thermoregulator, in brown adipose tissue (BAT) under certain conditions such as cold exposure (11, 41) or fasting (4) during which energy sparing is a necessary physiological response. Recently it was shown that although skeletal muscle mitochondria appeared to be more tightly coupled in UCP3 knockout mice, there were no apparent differences in physiological phenotypes when compared with wildtype mice (42, 43) .
It has also been hypothesized that circulating FFA is an important mediator for UCP3 expression due to the strong relationship between perturbations where UCP3 expression is increased Additional studies supporting this relationship using either nicotinic acid to reduce or etomoxir to increase plasma FFA concentrations have also demonstrated a decrease (14) or increase (44) in rat soleus UCP3 expression respectively. Under these conditions, the uncoupling protein may function as a FFA carrier protein explicitly which would be necessary to maintain elevated levels of lipid oxidation especially if the acylcarnitine translocator cannot maintain the FFA levels necessary to drive $-oxidation in the mitochondrial matrix. This theory would require that FFA become acylated in the matrix, and there is evidence that acyl CoA synthetase can function to a low degree in the mitochondrial matrix (31) . To test this hypothesis we measured relative rates of U-
13
C palmitate oxidation in skeletal muscle in vivo with (+) and without (-) CPT1 inhibition by etomoxir in the fed and 48 hr fasted groups. These measurements were performed in the fed rats to determine the relative decrease in palmitate oxidation resulting from CPT1 inhibition. The control value (% decrease in palmitate oxidation in the fed group) was compared to the values obtained from the 48 hr fasted group to determine whether or not UCP3 functions in part as a FFA translocator (i.e. % decrease is less than control % decrease). As our data demonstrate (Table 2) , there was no difference in palmitate oxidation in the 48 hr fasted versus fed rats when etomoxir was administered suggesting UCP3 in skeletal muscle does not function as a long chain FFA transporter under conditions of fasting. Potentially UCP3 functions directly as an acyl-carnitine translocator. However, due to the low homology (~20% similarity to acyl-carnitine carrier protein) this scenario also remains unlikely.
It is also possible that UCP3 functions as a regulator of mitochondrial reactive oxygen species (ROS) scavenging (43, 45) . This may be true especially during conditions of elevated concentrations of FFA which have been shown to promote ROS formation in mitochondria as well as in peroxisomes (46 This may also be a function of the recently cloned UCP4 protein in brain (49) .
It must be emphasized that although electrochemical potential measurements have been made on all three mitochondrial uncoupling isoforms via transfecting yeast, plasmids or myotubes these measurements have not been made in explicit tissues of interest in situ. Additionally, although electric potential measurements across the inner mitochondrial membrane provide an index for potential energy uncoupling, they are in no way a measure of functional energy uncoupling. This is because the inner membrane electric potential is not only controlled by proton conductance, but also by substrate oxidation and ATP synthesis. Currently the best method to assess proton conductance is to measure its kinetics indirectly (22, 50) . This entails using oligomycin which is a high affinity inhibitor of the F1F0 ATP ase . The oxygen consumption measured using oligomycin drives the proton leak, but these measurements must be made in isolated mitochondria. Therefore, a limitation to using this in vitro method to measure proton conductance is that it may be difficult to establish an environment similar to that in vivo with regards to allosteric effectors and inhibitors.
The novel non-invasive NMR approach we used in the present study circumvents the limitations of these in vitro measurements of mitochondrial energy coupling.
In summary, despite a significant increase in both UCP3 mRNA expression and protein content in the hindlimb muscles of 48 hr fasted rats, we did not observe a concomitant decrease in mitochondrial energy coupling as assessed by 13 C/ 31 P NMR. These measurements correlate with the lack of an increase in whole body thermogenesis previously reported in fasting rats (51). However, it is possible that the presence or absence of some critical co-regulator is required for UCP3 to function as a mitochondrial uncoupler in the fasted state. It is also possible UCP3 may be functioning as a mitochondrial energy uncoupler while the transient proton leak across the inner mitochondrial membrane is reduced or some other unknown mechanism to increase mitochondrial energy coupling efficiency is present. Additionally, it appears that UCP3 does not play a role in the translocation of long chain fatty acids across the inner mitochondrial membrane following a 48 hr fast. Therefore, the role of increased UCP3 expression in skeletal muscle under fasting conditions remains to be elucidated. 3) A spectrum acquired from the rat hindlimb at 135-150 min. The 2-13 C glutamate peak appears at 55.5 ppm on the shoulder of the creatine/phosphocreatine peak (54.4 ppm), and the 4-13 C glutamate peak obscured by a co-resonating aliphatic lipid peak appears at 34.4
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ppm. Therefore, all spectra were baseline subtracted before peak integration. 3-13 C glutamate (27.9 ppm) and 2-13 C acetate (24.2 ppm) were not observed as they reside in the frequency bandwidth which was partially suppressed due to the aliphatic lipid suppression pulse sequence used. Turnover of the 2-and 4-13 C glutamate peaks in the hindlimb muscles of a fed rat is illustrated in the baseline subtracted spectra shown above. 2- 
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31 P NMR saturation transfer study. The spectra shown were obtained from a saturation transfer experiment performed in the hindlimb muscles of an awake rat. In the bottom spectrum, a continuous wave (CW) radio frequency pulse was used to saturate the (-ATP resonance (-2.4 ppm). In the top spectrum (no (-ATP saturation), the CW pulse frequency was placed symmetrically to the downfield side of P i (4.9 ppm). The resulting loss in magnetization of P i ()M) is due to the exchange of saturated (-ATP nuclei with nonsaturated P i nuclei. 
